Summary Quantitative determination of insulin secretion is of importance both clinically and in research. The optimal method has not been established, although several different methods have been used. We determined the reproducibility of islet function parameters obtained by the glucose-dependent arginine stimulation test, and also studied the priming effect of arginine on subsequent acute insulin responses. The test measures the acute insulin (AIR) and glucagon (AGR) responses to i. v. arginine (5 g injected over 45 s) at fasting glucose and glucose concentrations clamped at 14 and above 25 mmol/l, as well as the glucose potentiation of insulin secretion (slope AIR ) and the glucose inhibition of glucagon secretion (slope AGR ). When the test was performed twice in seven healthy women (mean ± SD age 58.7 ± 0.5 years, BMI 27.6 ± 5.5 kg/m 2 ), the AIRs to arginine had a within-subject coefficient of variation (CV) of 18.6 % at fasting glucose, 18.7 % at 14 mmol/l glucose and 16.3 % at above 25 mmol/l glucose. The CVs for AGR were 11.6, 14.9 and 8.9 %, respectively. The CV of the slope AIR was 24 % and of the slope AGR 17.2 %. The arginine priming study was performed in six healthy women (age 63.7 ± 0.3 years, BMI 28.0 ± 6.9 kg/m 2 ). Saline or arginine (5 g) was injected at fasting glucose, followed by arginine (5 g) at 14 mmol/l glucose. There was no difference between the acute insulin or glucagon responses to arginine at 14 mmol/l glucose in the two conditions, suggesting that there is no priming effect of arginine on the subsequent acute insulin or glucagon responses. Therefore, this method is a good tool to determine insulin secretion as, apart from its good reproducibility, it also provides several important parameters of islet function. [Diabetologia (1998) 
41: 772±777]
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Ward et al. [10] , and uses arginine injections to stimulate first-phase alpha-and beta-cell secretion both at fasting glucose and at clamped glucose concentrations of 14 and above 25 mmol/l. This method enables estimations of the alpha-and beta-cell capacity, the beta-cell glucose sensitivity, and the glucose potentiation of insulin secretion and glucose inhibition of glucagon secretion to be made. Although this method gives multifaceted information on islet function, the bolus injection of arginine used does not cause a biphasic insulin release, as achieved by prolonged infusion of arginine [11] . The method has been fairly widely used during the last 15 years to determine insulin secretion in Type II diabetes [10] and in healthy subjects [8] , after experimental insulin resistance [12, 13] , and following administration of somatostatin [14] and the insulinotropic gut hormone, glucagonlike peptide-1 (GLP-1 [15] ). However, the repeatability of this test has not been established.
Although it has been demonstrated in animal studies that one stimulation of insulin secretion might affect the response to a subsequent stimulation [16] , it is not known whether arginine injection at fasting glucose level affects the subsequent measurements at 14 and above 25 mmol/l glucose levels in the glucose-dependent arginine stimulation test in humans. Therefore, this study aims to determine: i) the reproducibility of the glucose-dependent arginine injection test and ii) the priming effect of arginine on subsequent arginine stimulation of insulin and glucagon secretion under these conditions.
Subjects and methods
Subjects. We studied the reproducibility of the arginine stimulation test in seven middle-aged women (characteristics see Table 1). For the arginine priming study, 6 women participated (Table 1) . Written informed consent was obtained from all subjects. The study was approved by the ethics committee of the Faculty of Medicine, Lund University. The women were all healthy and none used any medication known to affect glucose tolerance or insulin secretion. All studies were performed in the morning after an overnight fast with at least one week between visits. On a separate day, glucose tolerance was determined with a World Health Organisation (WHO) 75 g oral glucose tolerance test.
Reproducibility study. Insulin and glucagon secretion was determined with intravenous arginine stimulation at three blood glucose levels (fasting, 14 and > 25 mmol/l ), as introduced by Ward et al. [10] . The same test was performed twice. Intravenous catheters were inserted into antecubital veins in both arms. One arm was used for infusion of glucose, and the other arm for intermittent sampling. The sampling catheter was kept patent by slow infusion of 0.9 % saline when not used. Baseline samples were taken at ±5 and ±2 min. A maximally stimulating dose of arginine hydrochloride (5 g) was then injected intravenously for 45 s. Samples were taken at + 2, + 3, + 4 and + 5 min. A variable-rate 20 % glucose infusion was then initiated to raise and maintain blood glucose at 13±15 mmol/l. Blood glucose was determined every 5 min bedside, and the glucose infusion adjusted to reach the desired blood glucose level of 13±15 mmol/l in 20 to 25 min. New baseline samples were taken, then arginine (5 g) was again injected and + 2, + 3, + 4 and + 5-min samples taken. A 2.5-h resting period was allowed to avoid the well-known priming effect of hyperglycaemia [17, 18] . After the pause, baseline samples were again obtained. Then a high-speed (900 ml/h) 20 % glucose infusion during 25±30 min was used to raise blood glucose to above 25 mmol/l, as determined bedside. At this blood glucose level, new baseline samples were taken, and arginine (5 g) injected, followed by final + 2, + 3, + 4 and + 5-min samples.
Arginine priming study. To determine if the arginine injection at fasting glucose affects the result of the second arginine administration at 14 mmol/l glucose, we modified the study protocol as follows: after taking the baseline samples at ±5 and ±2 min, arginine (5 g) or saline (0.9 %) was injected, followed by samples at + 2, + 3, + 4 and + 5 min. Blood glucose was then raised to 13 to 15 mmol/l as described previously, after which new baseline samples were taken. Arginine was then injected and + 2, + 3, + 4 and + 5-min samples obtained. This test was performed twice, once with injection of arginine and once with saline injection at the fasting glucose level. The two tests were performed in random order.
Analyses. Blood glucose concentration was determined bedside by the glucose dehydrogenase technique with an Accutrend (Boehringer Mannheim Scandinavia AB, Bromma, Sweden) during the arginine test. Serum insulin concentrations were analysed with a double-antibody radioimmunoassay technique. Guinea-pig anti-human insulin antibodies, human insulin standard and mono-125 I-Tyr-human insulin (Linco Res. Inc., St. Charles, Mo., USA) were used. The insulin antibody cross-reacts less than 0.2 % with intact and des 31,32 proinsulin. Samples for analysis of glucagon were obtained in pre-chilled test tubes containing 0.084 ml EDTA (0.34 mol/l) and aprotinin (250 kallikrein inhibiting u/ml blood (Bayer AG, Leverkusen, Germany). Analysis of glucagon concentration was performed with double-antibody RIA using guinea-pig antihuman glucagon antibodies specific for pancreatic glucagon, 125 I-glucagon as tracer, and glucagon standard (Linco). Plasma glucose concentrations were analysed using the glucose oxidase method. Insulin, glucagon and glucose from the arginine studies were analysed in duplicate and concentrations were taken as the means of the duplicate samples.
Calculations and statistics. Data are presented as means ± SEM, unless otherwise noted. The acute insulin response to arginine (AIR) was calculated as the mean of the + 2 to + 5 min samples minus the prestimulus insulin concentration. 27.6 ± 5.5 28.0 ± 6.9 Fasting blood glucose (mmol/l) 4.7 ± 0.6 4.8 ± 0.5 2 h glucose (mmol/l) 6.8 ± 0.9 6.6 ± 0.7 HbA 1c (%) 4.9 ± 0.2 4.9 ± 0.3 a Data are shown as mean ± SD
The slope between AIR at fasting blood glucose and at blood glucose 14 mmol/l (slope AIR = DAIR/Dglucose) was calculated as a measure of glucose potentiation of beta-cell secretion [19, 20] . The acute glucagon responses (AGR) and the slope AGR (glucose inhibition of glucagon secretion) were calculated in the same manner. Statistical analyses were performed with the SPSS for Windows system [21] . Within-subject coefficients of variation (CVs) were calculated as standard deviation divided by the mean value for each subject's two tests. Differences between the two test occasions were assessed with Student's t-test for related samples.
Results
Reproducibility study. The first study examined the reproducibility of the glucose-dependent arginine stimulation test by performing two consecutive tests in seven subjects. Figure 1 shows the insulin and glucagon concentrations during the two tests. It is seen that the two curves overlap, with no apparent differences between the two occasions. The calculated acute insulin and glucagon responses are depicted in Figure 2 . There were no significant differences between the clamped glucose levels or any of the secretory variables when comparing the two tests (data not shown).
Coefficients of variation (CVs) were calculated for each individual pair of test values from the two occasions. Table 2 shows the mean values and the 95 % confidence intervals of the CVs for the secretion variables. The mean variation of the different measures of insulin and glucagon secretion ranged from 9 to 27 %, with values of 18.6, 18.7 and 16.3 % for the acute insulin responses at fasting glucose, 14 mmol/l and above 25 mmol/l glucose, and 11.6, 14.9 and 8.9 % for the acute glucagon responses.
In the calculations of the acute insulin and glucagon responses, the mean of the four post-challenge samples is used. Possibly, the method could benefit from reducing the number of post-stimulatory samples. Alternatively, fewer samples could cause an increase in the variation. We therefore calculated the acute insulin and glucagon responses using four different sample sets, and compared the CVs for each set (data not shown). The first sample set used all the + 2 to + 5-min samples, the second set used the + 2 and + 4-min values, the third set used the + 3 and + 5-min samples, and the fourth sample set used the + 3, + 4 and + 5-min samples. Compared with using all the four samples (sample set 1), the second sample set (using the + 2 and + 4-min samples) resulted in lower values for AIR at the 14 and above 25 mmol/l glucose levels, while sample sets 3 and 4 resulted in higher values for AIR at these glucose levels. This is due to the fact that the peak response is delayed at the higher glucose levels (Fig. 1A) . For the acute glucagon responses, a similar pattern was seen. Despite these differences in the values for AIRs and AGRs, the mean CVs obtained by the different sample sets were similar.
Arginine priming study. The second study examined whether the arginine injection at fasting glucose affected the subsequent response to arginine at 14 mmol/l glucose. Insulin and glucagon levels did not change after the saline injection at the fasting level, whereas after the arginine injection the expected rapid but transient increase in insulin and glucagon levels were seen (Fig. 3) . After raising blood glucose to 14 mmol/l, the insulin and glucagon responses to the arginine injection were similar regardless of whether saline or arginine had been given at the fasting level (Fig. 3) .
Discussion
The glucose-dependent arginine stimulation test was introduced by Ward et al. [10] , and has been used for studies of islet function for nearly two decades [8, 10, 12±15, 20] . It is a method which gives thorough information on islet function, because it measures both basal and maximal alpha-and beta-cell secretion along with the glucose potentiation of insulin secretion and the glucose inhibition of glucagon secretion. However, its reproducibility has not been verified previously. Since it is important to consider the possible variation of islet function when evaluating the results of the test, we studied the reproducibility of pa- A Fig. 3 A, B . Insulin (A) and glucagon (B) levels after arginine or saline injection at the fasting glucose level followed by arginine injection at the 14 mmol/l glucose level in 6 healthy women. Data are shown as mean values, error bars denote SEM B rameters of islet function obtained after arginine injection at three different glucose levels. We found that the mean coefficients of variation for the different parameters of islet function ranged from around 10 to 20 %. This variation could be due to several reasons. First, there is certainly a biological variation in the alpha-and beta-cell function. For example, it is known that fasting insulin varies from day to day with a mean CVof around 20 % [5, 22] . Second, although kept at a minimum when used in experienced hands, the study method itself can produce some variation, like differences in the glucose levels achieved during the clamping at 14 and above 25 mmol/l, the speed of the arginine injection and the timing of the blood samples. Third, there is a variation in the radioimmunoassays for insulin and glucagon. In our laboratory, the intra-and inter-individual CV for the insulin assay is less than 3 % and for the glucagon assay less than 5 %. Therefore, our finding of CVs between 10 and 20 % for the various secretory paramters of the test is very good in this context.
We also examined the sampling protocol to see if it could be adjusted using fewer post-stimulatory samples, to simplify the method. There were no clear differences in the mean CVs obtained with the protocols using fewer samples compared with the full protocol. However, it was noted that the 95 % CIs were lower using all the + 2 to + 5 min samples to calculate the acute insulin responses. Furthermore, the reduced sample sets resulted in different values for the calculated acute insulin and glucagon responses at the 14 and above 25 mmol/l glucose levels. This could be disadvantageous when comparing results between different studies. Therefore, we conclude that there is no benefit in reducing the number of post-stimulatory samples from the originally suggested four samples.
The variation found in this study is comparable with that shown for other methods used to estimate beta-cell function. For example, for the IVGTT the mean coefficients of variation of first-phase insulin secretion have ranged between 20 and 30 % [2, 23±25] . There have, though, been some studies that have demonstrated a considerably lower variability, around 4 to 9 % [26, 27] . Another measure of betacell function is the CIGMA, which showed a mean CV of 19 % for the beta-cell function estimate [3] . Insulin secretion after injection of glucagon also demonstrated a similar mean CV of 24.8 % [5] . While the mean CVs for insulin secretion were low in this study, the 95 % CIs were rather wide due to the small study group. Since the presently studied method thus is equivalent in terms of CV, but superior in terms of allowing conclusions on a multitude of parameters of insulin and glucagon secretion, we consider this method to be advantageous for characterizing islet function in humans. However, since the method is labour-intensive and time-consuming, it is not the ideal test in epidemiological studies but should be reserved for more detailed evaluation of various aspects of beta-cell function. A limitation of the present study is that it was performed in healthy subjects and not in individuals with type II diabetes.
It has previously been demonstrated that arginine can exert a time-dependent inhibitory effect on insulin secretion. Thus, in isolated rat pancreas, arginine generated a potent inhibition of insulin secretion, which lasted at least 2 h [16] . Furthermore, a study in humans reported that priming with an arginine infusion or injection reduced the insulin responses to subsequent stimulation [28] . Therefore, in the method by Ward et al., the arginine injection at fasting glucose might affect the following measurements at 14 and above 25 mmol/l glucose. To resolve this question, we performed control experiments with saline injections at fasting glucose. We found that there was no difference between the acute insulin responses at 14 mmol/l glucose after arginine or saline injections at the fasting glucose level. Therefore, we conclude that using this protocol, there is no inhibitory effect of arginine on the subsequent acute insulin responses. Neither was there an effect on the glucagon responses, which was expected, since the previous studies have demonstrated no inhibitory effect of arginine on glucagon secretion [28] .
In summary, we have shown that the method of glucose-dependent arginine stimulation gives a well reproducible measurement of alpha-and beta-cell secretion, with coefficients of variation ranging from 10 to 20 %. Moreover, there was no indication that the arginine injection at fasting glucose could modify the subsequent insulin and glucagon responses to arginine at 14 mmol/l glucose. Therefore, we conclude that this method is a good tool to determine alphaand beta-cell secretion as, apart from its good reproducibility, it also provides several important parameters of islet function.
